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THE CEREBRAL VASCULATURE is unique in its ability to maintain tissue perfusion constant in the face of rapidly changing systemic pressure (i.e., dynamic cerebral autoregulation). Autoregulation ensures that transient pressure rises do not result in increased flow and increased intracranial pressure, and conversely, that transient pressure falls do not result in decreased flow and potential ischemia. Thus, if autoregulation is compromised, acute changes in systemic pressure could lead to greater vulnerability to neurological damage. In fact, impairments in autoregulation are associated with an increased risk of neural injury (9) and cognitive deficits (3, 9) . Thus reliable assessment of cerebrovascular effectiveness in buffering against pressure fluctuations may have important implications for the timing and the outcome of therapy after adverse cerebrovascular events, such as those due to traumatic brain injury or mild ischemic stroke (1, 2) . Therefore, thorough characterization of the nature of cerebral autoregulation can be critical for identifying the pathophysiological consequences of any condition associated with alterations in cerebral perfusion.
Much of the prior research exploring the nature of cerebral autoregulation and defining potential measurement tools of its effectiveness have been based on linear models of the interaction between blood pressure and cerebral blood flow. For example, there is a close linear relation (high spectral coherence) between changes in pressure and flow that occur almost synchronously with no dampening (high gain) when pressure oscillations are relatively fast (less than ϳ10 s). However, as oscillations become slower (greater than ϳ20 s), pressure and flow become less linearly related (11, 12) . This results in low coherence between the two, indicating the presence of important nonlinearities that contribute to cerebral autoregulation. Moreover, this limits the utility of linear approaches: if the relation does not display a high coherence, one cannot assess the relationship with any certainty (21, 26) . In other words, effective counterregulation of pressure fluctuations creates uncertainty in simple linear estimates of gain in the system. Although linear approaches may indicate the presence or absence of cerebral autoregulation, they are inadequate to describe its characteristics and its effectiveness.
There are approaches to capture characteristic nonlinear relationships between input (pressure) and output (flow) variables that are comparable to linear methods in their simplicity. Projection pursuit regression is a nonparametric, atheoretical, multiple regression method (7, 8) wherein a model is not posited a priori but derived directly from the two variables of interest. Moreover, it is uniquely suited to define the broad characteristics of input-output relations without the assumption of linearity. These aspects of projection pursuit regression are clear advantages for characterizing a system that is incompletely understood. In fact, partly because of these advantages, projection pursuit regression has been applied recently to various physiological problems ranging from receptor dynamics (4) to risk stratification for coronary artery disease (10) .
Therefore, in this study, the characteristic nature of the relationship between arterial pressure and cerebral flow fluctuations in young healthy individuals was explored via projection pursuit regression. Defining this relationship could provide unique insight to lay a foundation for guiding future studies of the underlying physiology. Moreover, establishing a simple yet robust methodology to reliably measure the effectiveness of cerebral autoregulation could provide a tool to guide screening and clinical options to characterize and treat adverse cerebrovascular events associated with alterations in cerebral perfusion.
MATERIALS AND METHODS
Subjects. Forty-three volunteers aged 21-40 yr (17 women) gave written, informed consent for this study. Five volunteers were studied twice on separate days. All volunteers were normotensive, nonsmokers, free from cardiovascular and neurological disorders, and not on any cardiovascular medications. None were underweight (BMI Ͻ 19.9) or obese (BMI Ͼ 29.9). All participants refrained from alcohol, caffeine, and rigorous exercise at least 24 h before the study. All experimental protocols were approved by the Institutional Review Board of Spaulding Rehabilitation Hospital.
Experimental protocols. All studies were performed at ϳ8 AM. Subjects were N.P.O. (i.e., nothing by mouth) for 12 h before study. Upon arrival, each subject was instrumented for electrocardiographic lead-II (DASH 2000; General Electric), beat-by-beat plethysmographic arterial pressure (Finapres, Ohmeda), and oscillometric brachial pressures (DASH 2000; General Electric) as a calibration for the continuous Finapres measures. A transcranial Doppler ultrasonograph (2-MHZ probe; MultiDop T2 DWL) was used to measure cerebral blood flow velocity at the M1 segment of the middle cerebral artery at a depth of 50 -65 mm. Although Doppler signal is velocity and not flow, diameter of the middle cerebral artery remains relatively constant despite changes in pressure or blood gases (15) . Therefore, flow velocity can be used as an adequate surrogate for cerebral flow. The Doppler signal was optimized, and the waveform of the integrated Doppler-derived velocity was recorded as a measure of beat-by-beat flow. Expired CO2 was monitored by an infrared carbon dioxide analyzer (Vacuumed) connected to a nasal cannula. All signals were digitized at 500 Hz (PowerLab, ADInstruments, Colorado Springs, CO).
Following instrumentation, data were collected during 5 min of supine rest. Subsequently, oscillatory lower body negative pressure (OLBNP) was used in a manner similar to that previously described (11, 12) to create blood pressure oscillations of varying frequencies. Standard application of negative pressure induces central blood volume shifts similar to that which occurs during standing but in a controlled and graded manner without accompanying muscle contraction. A vacuum pump decreases the pressure inside a metal chamber within which the subject is sealed up to the illiac crest. The negative pressure effectively distends the veins in the lower body, causing a caudal shift in blood volume proportional to the level of negative pressure. Moderate OLBNP (30 -40 mmHg) was used across six frequencies (0.03, 0.04, 0.05, 0.06, 0.07, and 0.08 Hz in random order) timed to provide at least 10 -15 oscillations at every frequency. In this way, a wide range of frequencies within the range of previously observed autoregulatory responses (11) was studied over a short period of time (ϳ45 min). This level of OLBNP at these frequencies elicits consistent arterial pressure fluctuations and reliably engages cerebrovascular mechanisms that underlie cerebral autoregulation (11, 12) .
Data analysis. Data were analyzed using custom software written in Matlab (version 7.10; Mathworks, Natick, MA) and in R-Language (version 2.14.0; R Foundation for Statistical Computing, Vienna, Austria). The waveforms of arterial pressure and cerebral blood flow were decimated to 5 Hz and low-pass filtered with a cutoff of 0.4 Hz to provide mean values. In addition, breath-by-breath CO2 and beatby-beat R-R intervals were averaged within each OLBNP frequency to provide overall means.
Projection pursuit regression was used to quantify the relationship between arterial pressure (independent variable) and cerebral blood flow (dependent variable). Projection pursuit regression is a simple nonparametric technique that modifies the usual linear regression by allowing more than one function of input to output. Each of these functions is passed through individual nonlinearities (so-called "ridge functions") that are determined by best data fits (i.e., without any a priori assumptions on linearity or the shape of the relation). The outputs from these ridge functions are then summed, and the adequacy of the fit to the data is determined via maximum likelihood. Although using more than one ridge function increases the percent variance explained (R 2 ), it could obscure physiological interpretation of the characteristic relationships due to potential interactions between the ridge functions. Therefore, projection pursuit regression was limited to only one ridge function. The standard theory of projection pursuit regression and details of its implementation are extensively described elsewhere (7, 8) . Although the dominant arterial pressure fluctuation occurs at the OLBNP frequency (11, 12) , randomly occurring fluctuations at other frequency bands may obscure the relationship between arterial pressure and cerebral flow. To avoid potentially confounding effects of random fluctuations, cerebral flow and arterial pressure were band-pass filtered at the OLBNP frequency with a bandwidth of 0.01 Hz.
(Using signals without band-pass filtering did not change the qualitative shape of the relation between arterial pressure and cerebral flow but reduced the R 2 ). Some contend that the arterial pressure and cerebral blood flow signals are nonstationary, so their relation cannot be characterized by relatively simple methods (20, 22 ). However, it should be noted that nonstationarity is, by definition, a change in signal distribution within the period over which the signals are to be characterized (18) . For the present study, the relationship was characterized for each subject and each OLBNP frequency. Although the distribution of cerebral blood flow or arterial pressure signals may vary across different OLBNP frequencies, it did not change within a given frequency. Thus cerebral flow and arterial pressure signals are stationary within each observation period wherein the relationship is characterized, i.e., within each OLBNP frequency. In this way, one ridge function was obtained for each data set and OLBNP frequency.
The ridge function revealed the dominant nonlinearity in the relation between arterial pressure and cerebral blood flow (see Fig. 1 for a representative ridge function). Subsequently, ridge functions for each individual and each frequency of OLBNP were parametrized as a piecewise linear function for subsequent statistical analyses. This parametrization statistically identified points where the relationship between arterial pressure and cerebral blood flow changed and ranges Relationship Between Arterial Pressure and Cerebral Flow • Tan CO within which the relation was approximately linear (so as to derive the "gain" of the relation within each region; see Fig. 1 ). The gain (i.e., the linear slope) of the pressure-flow relation within each region (for each OLBNP frequency) provided a measure of the effectiveness of cerebrovasculature to buffer against pressure changes within that region (lower gain indicates more effective counterregulation of pressure fluctuations). For comparison, standard cross-spectral coherence and gain were also calculated in a manner similar to that previously described (11) .
Statistics. All variables were normally distributed (Shaprio-Wilk test, P Ͼ 0.1). R 2 values were transformed via r-to-z transform (6) to obtain normally distributed values. All comparisons were made via one-way repeated-measures ANOVA with OLBNP frequency as the independent factor. When significant effects were present, ANOVA was followed by a post hoc Tukey's honestly significant difference test to identify statistically different frequencies. To assess the reproducibility of the results, the effectiveness of the autoregulation was compared across 2 separate study days for five volunteers using Lin's concordance coefficient (13) to test the null hypothesis (H 0) that the effectiveness of the autoregulation estimated across 2 separate study days are not in agreement. Lin's concordance coefficient is based on Pearson's correlation coefficient (a measure of variation) but includes a bias correction term that takes systematic deviations into account. Furthermore, it is a stronger statistical test compared with leastsquares linear regression, since it takes both the intercept and the slope into account simultaneously. All data are presented as means Ϯ SE.
RESULTS
R-R interval, mean arterial pressure, cerebral flow, and end-tidal CO 2 concentrations were not different across individuals or OLBNP frequencies (P Ͼ 0.3 for all comparisons; Table 1 ).
Projection pursuit regression explained a statistically significant portion of the variance in the relation between arterial pressure and cerebral blood flow for all individuals and across all OLBNP frequencies. Average R 2 was 0.57 Ϯ 0.01. R 2 was Ͻ0.25 in only 6% of the data sets (i.e., in 18 of 288 cases across 48 data sets and 6 frequencies) and was not related to OLBNP frequency, mean hemodynamic variables, or magnitude of fluctuations.
Projection pursuit regression revealed a characteristic nonlinear relation between arterial blood pressure and cerebral blood flow that was consistent across all individuals. At the lowest OLBNP frequency (0.03 Hz, ϳ30 s), this relation took the shape of a "classical autoregulation curve" originally derived to describe "static" autoregulation: a region where pressure changes were counterregulated and two passive regions where pressure changes induce parallel changes in cerebral blood flow (Fig. 2, left) . At this frequency, arterial pressure fluctuations within the autoregulatory region were damped effectively with an average gain of almost zero (Ϫ0.02 Ϯ 0.05 cm·s Ϫ1 ·mmHg Ϫ1 ), whereas pressure changes within passive regions were reflected in cerebral blood flow almost directly (with a gain of 0.88 Ϯ 0.08 and 0.97 Ϯ 0.07 cm·s Ϫ1 ·mmHg Ϫ1 ; Table 2 ). Thus this region wherein slow (0.03 Hz) pressure fluctuations were effectively counterregulated was defined as the autoregulatory region.
The range of blood pressure changes entailed within the autoregulatory region was slightly but gradually reduced with increasing OLBNP frequency from 8 Ϯ 0.5 mmHg at 0.03 Hz to 5 Ϯ 0.3 mmHg at 0.08 Hz (p Ͻ 0.05). Nevertheless, the autoregulatory region was somewhat preserved as the pressure fluctuation became faster (from ϳ30 to ϳ12.5 s). However, the effectiveness of autoregulation was significantly reduced with increasing OLBNP frequency ( Table 2 and Fig. 3 ). The autoregulatory gain increased gradually to 0.56 Ϯ 0.03 cm·s In five individuals who participated in a second study session, the characteristic nonlinearity was consistent across separate study sessions. The autoregulation gain at 0.03-and 0.08-Hz OLBNP did not change (Lin's concordance coefficient ⌬ c ϭ 0.96 and ⌬ c ϭ 0.98; P Ͻ 0.001 for both; Fig. 4) , and the increase in gain with increasing OLBNP frequency was consistent across separate study days. Thus the characteristic relation between arterial pressure and cerebral flow fluctuations and its difference at different frequencies were also consistent across separate measurements.
Next, we tested whether traditional spectral analysis reflects this physiology. We surmised that the magnitude of spectral coherence reflects the "linearity" in the relation between arterial pressure and cerebral blood flow (i.e., percent variation of the characteristic nonlinear relation explained by a simple straight line). Not surprisingly, there was a positive relation between frequency domain coherence and the linearity (quantified as Pearson's correlation coefficient ϭ 0.33; P Ͻ 0.01). Given this modest but significant relation, we further asked whether the gain derived from spectral transfer function is related to the autoregulatory gain derived from projection pursuit regression. Again, there was a positive relation between the two measures ( ϭ 0.37; P Ͻ 0.01). However, it should be noted that, although the relation was statistically significant, only Ͻ15% variance in autoregulatory gain was explained by the linear spectral transfer function gain. This indicates that linear frequency domain measures cannot reliably capture the effectiveness of autoregulation.
Last, we explored whether this approach can be used to quantify cerebral autoregulation from spontaneous blood pressure fluctuations. If spontaneous fluctuations can be used, the pressure-flow relationship derived during supine rest (i.e., during "normal" variations in blood pressure) should be consistent with that derived during 0.03-Hz OLBNP (i.e., when pressure fluctuations are externally induced). Therefore, in a subset individuals with Ն5 min of data during supine rest with uncontrolled breathing (n ϭ 25), the pressure-flow relation was quantified from spontaneous fluctuations (via projection pursuit regression after band-pass filtering at 0.03 Hz as described above) and compared with the characteristic relationship derived from fluctuations induced by 0.03-Hz OLBNP. Projection pursuit regression explained less of the co-variation in pressure and flow in all subjects (average R 2 was 0.32 Ϯ 0.03). However, despite the lesser accuracy, the pressure-flow relationships quantified at rest and during 0.03-Hz OLBNP were related (R 2 ϭ 0.59 Ϯ 0.05; see Fig. 5 for the relationship in a representative subject). This indicates a modest but reasonable correspondence between the pressure-flow relationships estimated at rest and during 0.03-Hz OLBNP. 
DISCUSSION
Projection pursuit regression explained the majority of the relationship between arterial pressure and cerebral blood flow fluctuations and revealed its nature consistently across individuals and across separate study days. The nature of this relationship entailed an autoregulatory region wherein slow (ϳ30 s) arterial pressure fluctuations are effectively counterregulated (with a gain close to zero) and two passive regions wherein pressure fluctuations resulted in parallel changes in cerebral blood flow (with gains close to one). Thus the relationship between dynamic changes in pressure and flow took the form of a classic "static autoregulation curve."
Prior studies demonstrated that dynamic cerebral autoregulation shows the characteristics of a "high-pass filter": the pressure-flow relationship at fluctuations faster than 10 -12 s demonstrate markedly higher spectral coherence (a measure of linear dependence) and gain compared with those slower than ϳ15 s (11, 12) . That is, faster fluctuations in arterial pressure are transmitted to the cerebral circulation almost linearly, whereas slow ones are effectively counterregulated. Our results provide an explanation for this high-pass filter characteristic. First, although the gain relation between arterial pressure and blood flow did not change within the passive regions, it increased in the autoregulatory region by almost 25-fold as the pressure fluctuations become faster. This indicates that the effectiveness of counterregulation is diminished with faster fluctuations and explains the observed increase in spectral gain. Second, autoregulatory gain approached values within the passive regions, resulting in overall linearization of the relation between pressure and flow at faster fluctuations (see Fig. 2 ). Thus it comes as no surprise that cross-spectral coherence between pressure and flow is low at slow fluctuations (due to the characteristic nonlinearity) and increases with faster fluctuations.
Traditionally, the low coherence at slow fluctuations is taken to represent nonlinearities caused by autoregulation. Indeed, by definition, cerebral autoregulation is a nonlinear phenomenon in time domain: fluctuations in arterial pressure are buffered against, and thus changes in cerebral flow are not linearly related to those in arterial pressure. Although this definition underlies the use of traditional approaches to probe autoregulation, it also highlights their limitation. Low coherence merely means that one cannot confidently assign a linear relationship to the two variables in question. And, if the relation does not display a high coherence, one cannot assess the nature of the relationship with any amount of certainty (21, 26) . Therefore, traditional approaches are inadequate to examine the nature of the cerebral autoregulation. Present results clearly demonstrate this inadequacy: Ͻ15% variance in autoregulatory gain was explained by the linear spectral transfer function gain. This simply underscores the fact that linear approaches cannot reliably capture an essentially nonlinear phenomenon.
There have been attempts to account for nonlinearities inherent in the cerebral autoregulation. These range from the use of Hilbert-Huang transformation (16) to Volterra-Wiener models (14) . Although some of these models attain a fairly good predictive performance on their data and highlight the significance of the nonlinearities in the system, they are too complicated to test or to allow inferences about the underlying physiology. Perhaps one exception, in terms of lesser complexity, is the "Autoregulatory Index" (23) . This entails the comparison of a family of curves, each with a number, with the flow velocity signal following a step change in blood pressure. However, this treatment of dynamic cerebral autoregulation is somewhat of a tautology; the description of autoregulation precedes its examination. In contrast, the approach deployed in this study does not rely on any a priori assumptions as to what the relationship should be but rather reveals the relationship as it is, based on the data.
Our approach defines the cerebral blood flow velocity response in relation to blood pressure. However, others have utilized cerebrovascular resistance as the output measure of the autoregulation analysis (5) . The rationale for this is that resistance, or its inverse (conductance), is commonly used as the effector of blood flow change. We chose to use flow as the explicit output of the system for two main reasons. First, it is equivocal which ratio between flow and pressure might be the appropriate indicator for physiological effect. For example, resistance reflects vascular control more precisely when there are large changes in pressure, whereas conductance is more sensitive when there are primarily changes in blood flow (17) . Second, the relationship of pressure to a ratio between flow and pressure contains an artifactual correlation. That is, the two are a priori related due to the correlation of pressure with itself. One could account for this self-correlation to avoid the confound, for example, by utilizing an autocorrelative transfer function in the time domain. However, that is, in fact, exactly the same (albeit indirect) approach described in this study (7) .
The physiological bases for the characteristic relationship between arterial pressure and cerebral blood flow fluctuations remain to be fully elucidated. We have previously shown that the sympathetic nervous system plays an important role in the maintenance of constant cerebral perfusion (12) , and other recent studies suggest a negligible role for nitric oxide release (25) and myogenic mechanisms (24) in cerebral autoregulation in humans. Determination of the characteristic nonlinear relationship associated with different regulatory systems can provide a unique insight to integrated cerebrovascular control and may allow diagnosis of physiological alterations underlying impaired cerebral autoregulation (e.g., after traumatic brain injury).
Routinely, a distinction is made between static and dynamic cerebrovascular autoregulation. The first is supposed work over the timescale of minutes to hours, whereas the second takes place over seconds or beats (19) . This distinction may be made because earlier studies of autoregulation relied on inert gas and dilution methods limited by both a poor time resolution and, in some cases, very few observations (19) . This earlier work shed light on cerebral blood flow regulation and laid the groundwork for more recent work exploiting rapid, real-time measurements of pressure and flow to probe "dynamic" autoregulation. However, there may be no compelling physiological or pragmatic evidence to indicate that static and dynamic autoregulation are distinctly different mechanisms. The characteristic nonlinear relation between relatively slow pressure and flow fluctuations suggests that the dynamic autoregulation may simply reflect a "faster" static function. Nevertheless, the present study was not designed to probe static autoregulation, and, therefore, differences between dynamic and static autoregulation, if any, await further research.
Limitations
Although projection pursuit regression explained Ͼ60% of the variation in the relationship between arterial pressure and cerebral flow fluctuations, and revealed a consistent quantitative difference in effectiveness of counterregulation against slow and fast arterial pressure fluctuations, R 2 remained Ͻ0.25 in 6% of data sets. The reason for the low performance in these cases remains unclear. Breathing and tidal volume were not controlled, so it is possible that differences in R 2 may be related to breathing patterns. However, the purpose of the study was not to predict cerebral blood flow to its fullest extent but rather to characterize the nature of the relation between arterial pressure and cerebral flow so that this relation can be reliably quantified and physiologically interpreted. In addition, the frequency-dependent difference in autoregulatory effectiveness was absent in four (8%) volunteers. Yet, end-tidal CO 2 concentration, mean R-R interval, mean arterial pressure and cerebral flow, and the magnitude of fluctuations in arterial pressure and cerebral blood flow were all similar across all individuals and OLBNP frequencies. Thus none of these variables explains the apparent lack of frequency dependence in those four individuals. Every physiological test may result in a few aberrant observations, and the approach presented here is not an exception. Nonetheless, the results were consistent across a majority of individuals as well as across study sessions. Therefore, the presence of a few exceptional observations does not change our conclusions and does not undermine the potential utility of the approach. Last, the characteristic pressure-flow relationship derived from spontaneous fluctuations was somewhat consistent with that derived from OLBNPinduced fluctuations. However, there was diminished accuracy, perhaps due to the smaller magnitude of fluctuations during supine rest and/or the short period of observation. Nonetheless, the use of projection pursuit regression to characterize cerebral autoregulation may have broader application beyond laboratory testing and may be useful as an assessment tool where OLBNP is not available. Further work should determine whether simple maneuvers (e.g., deep breathing, thigh cuff, sit-to-stand) and/or longer duration recordings result in pressure-flow relationships that are comparable to those derived from OLBNP-induced fluctuations.
